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In t roduct ion .  Mineral  compositions i n  Ca-, Al-rich inc lus ions  (CAIs) from chondr i t i c  a e t e o r i t e a  

r e f l e c t  condi t ions  i n  the  e a r l y  s o l a r  nebula. P rec i se  de terminat ions  of the  fo  l e v e l s  t h a t  they 
2 

record would provide c r i t i c a l  information on the  composition of t he  nebular gas ,  s ince  f o  is  
2 

s e n s i t i v e  t o  propor t ions  of 8, C and 0. Despite the  importance of fo f o r  understanding nebular  
2 

condi t ions ,  t he re  have been few q u a n t i t a t i v e  e s t ima te s  of the  f o  l e v e l s  recorded by CAIs (1-4); 
2 

q u a l i t a t i v e l y ,  however, it is c l e a r  t h a t  t he re  a r e  v a r i a t i o n s  of many orders  of megnitude, even wi th in  

i nd iv idua l  i nc lus ions  (1). 

We r epor t  t he  f i r s t  d i r e c t  determination of ~i~ i n  m t e o r i t i c  and s y n t h e t i c  h iboni te .  We used 

e l ec t ron  sp in  resonance (ESR) spectroscopy, a s e n s i t i v e  and widely used technique f o r  analyzing 

t r a n s i t i o n  metal ions  (5 ) ,  t o  ( a )  unequivocally d e t e c t  'Pi3+ i n  h iboni te ,  (b) cha rac t e r i ze  Ti3+ s i t e s ,  

( c )  quant i fy  concentrations of ~ i ~ ,  (d )  de f ine  r e l a t i o n s h i p s  betveen Ti3+/Ti4+ and f o  and ( e )  
2 

e s t ima te  the  fo  indica ted  f o r  h iboni te  from inc lus ion  SA-7 (6 )  i n  k r c h i s o n .  
2 

Samples. Four s y n t h e t i c  h ibon i t e  compositions described by ( 4 )  were examined. BA corresponds t o  

t h e  composition of average core h iboni te  i n  the Blue Angel i nc lus ion  from Murchison (7) ,  BA-V t o  BA 

v i t h  no V, BA-VPC t o  BA with no V,  Pe or Cr and A l l  t o  the  average composition of orange h ibon i t e  from 

inc lus ion  CG-11 of Allende (8).  I n  add i t i on ,  two samples of n a t u r a l  h ibon i t e ,  a s i n g l e  g ra in  (SH- 

7Hibl)  weighing 37ug and 25 chips  (SH-7Hib2) weighing a t o t a l  of 135ug, from SH-7 were examined. Bulk 

composition BA-V is very c lo se  t o  t he  average composition of h ibon i t e  i n  SR-7, but with lower Ti (2.5 

vs. 3.0 wtX). - 
CSR Spectra:  ~i~ i n  Ribonite.  A t  room temperature,  an ESR s igna l  centered a t  g = 1.96 was 

observed f o r  SH-7, cons i s t en t  with a d l  i on  such a s  (5). The i n t e n s i t y  of the  s i g n a l  is an order  

of magnitude l a r g e r  than can be accounted f o r  by any o the r  t r a n s i t i o n  metal ions  i n  the  sample. ESR 

spec t r a  of syn the t i c  h ibon i t e s  equ i l i b ra t ed  a t  s e l ec t ed  temperatures and fo ' s  were a l s o  examined. As 
2 

shown i n  Fig. 1, i n t e n s i t y  of the s igna l  centered a t  g - 1.96 inc reases  with decreas ing f o  . The 
2 

resonance i s  present f o r  BA-VFC, i n  which Ti i s  the  only t r a n s i t i o n  element, a t  approximately the same 

l e v e l  as  i n  the o the r  BA compositions. These observat ions  support the  assignment of t he  ESR s i g n a l  a t  

g - 1.96 t o  Ti3+ i n  n a t u r a l  and syn the t i c  h iboni te .  

The ESR s i g n a l  f o r  TI3+ i s  r ead i ly  observed a t  room temperature,  i nd i ca t ing  t h a t  Ti3+ i s  i n  a 

d i s t o r t e d  s i t e  (5) .  The p r inc ipa l  values of the g tensor.  g - 1.997 a d  g = 1.951, vere  determined 
I 1 

from po lyc rys t a l l i ne  s y n t h e t i c  h ibon i t e ,  i nd i ca t ing  an a x i a l l y  symmetric s i t e .  Based on ESR spec t r a  

of the  s ing le  c r y s t a l  SH-7Ribl taken a t  d i f f e r e n t  angles  r e l a t i v e  t o  the  magnetic f i e l d  is 
* R~ 

p a r a l l e l  t o  the  c rys t a l l og raph ic  c-axis while g is i n  the ab plane. The only e i t e  i n  the h ibon i t e  
1 

s t r u c t u r e  (9)  cons i s t en t  v i t h  t h i s  arrangement i s  the 5-coordinated Al-site. No a d d i t i o n a l  s i g n a l s  

vere  detec ted  i n  spec t r a  on SH-7Hibl taken a t  temperatures as low a s  4K or on BA-VPC hiboni te  a t  

77K. I n t e n s i t y  var ied  i n  a normal manner (5) with T f o r  these  samples. Since ESR s i g n a l s  f o r  Ti3+ i n  

symmetric oc tahedra l  s i t e s  of the s t r u c t u r a l l y  very s i m i l a r  0-alumina were r ead i ly  detec ted  a t  150K 

( l o ) ,  Ti3+ s u b s t i t u t i n g  i n  o the r  Al-si tes i n  h ibon i t e  probably would have been observable i f  

present .  Thus, we conclude t h a t  Ti3+ i s  dominantly present  i n  the  +coordinated s i t e  and t h a t  

e s s e n t i a l l y  a l l  Ti3+ i n  h ibon i t e  was detec ted .  

Ti3+ Concentrations and Oxygen Fugacity. The concentra t ion  of Ti3+ was determined from ESR 

spec t r a  by double i n t e g r a t i n g  over t he  s i g n a l  centered a t  g = 1.96, normalized t o  cons,tant opera t ing  

condi t ions  and sample weight. Only small  concentra t ions  of Ti3+ a r e  present i n  syn the t i c  and 

me teo r i t i c  h iboni te .  SH-7Hibl has 0.12 wtX Ti3+ while SH-7Hib2 has 0.17 wtX. Thus, only 4 6  Z of a l l  

T i  i n  the  Murchison samples is Ti3+. For syn the t i c  blue h ibon i t e ,  t he re  is 0.01-0.24 vtX, 
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corresponding t o  0.5-10% of Ti a s  Ti3+. Most e l ec t ron  probe analyses of me teo r i t i c  h iboni te  (7.8) are  

cons i s t en t  with neg l ig ib l e  Ti3+ contents ,  but it is  unl ikely  that  the microprobe i s  e i t h e r  

s u f f i c i e n t l y  accurate  or  precise  to  de tec t  such small  amounts of Ti3+. The concentration of Ti3+ i n  

orange syn the t i c  h iboni te  is l e s s  than the  de tec t ion  l i m i t  of (<-0.1% of t o t a l  Ti f o r  those samples), 

supporting the contention of (4 )  that the  blue-to-orange t r a n s i t i o n  is re l a t ed  to  oxidat ion of Ti3+. 

I n  Pig. 2, log ( ~ i ~ / T i ~ + )  f o r  syn the t i c  h i b o n i t e ' i s  p lo t ted  as a funct ion of the d i f f e rence  

between the  log fo  of t he  experiment and t h a t  of a gas of so l a r  composition a t  the same 
2 

temperature. At constant  f Ti9/Ti4+ inc reases  with increas ing t o t a l  Ti and d e c r e a s i q  V. The 
02, 

l a t t e r  suggests that  v3+ competes with Ti3+ f o r  the 5-coordinated Al-site (4).  At constant T and 

Ti3+1Ti4+ i n  h ibon i t e ,  the d i f f e rence  i n  log foq between t h a t  of a s o l a r  gas and A l l  o r  BA-V 
L 

experiments is cons i s t en t  with being a constant.  

Under oxidizing condi t ions  ( region of s o l i d  l i n e s  i n  Pig. 2 ) ,  Ti3+/Ti4+ is propor t ional  t o  
f-lI6. This is cons i s t en t  with reduct ion of Ti4+ by trapping of e l ec t rons  according to  2Ti4+ + V: = 

2 z 3 +  + V b * ,  where V; and Vb.are, r e spec t ive ly ,  neu t r a l  and doubly charged oxygen vacancies. Under 

more reducing condi t ions ,  Ti3+/Ti4+ i n  s y n t h e t i c  h iboni te  i s  genera l ly  below t h a t  expected from higher 

fO2 experiments. Deviations from a l i n e  of elope -116 may be due t o  p r e c i p i t a t i o n  of o ther  phases i n  

h iboni te ,  d i f f i c u l t y  i n  quenching andlor a change i n  the  defect  mechanism. 

Log ( ~ i ~ / T i ~ + )  equals  -1.39 f o r  SH-7Ribl and -1.22 fo r  SH-7Hib2. Assuming t h a t  an extension of 

the  -116 l i n e  f o r  BA-V is  approximately co r rec t  f o r  SH-7, we obta in  an upper l i m i t  on f o  
2 

approximately 3-4 o rde r s  of mgn i tude  more oxidiz ing than a s o l a r  gas. I f  a l i n e  with a shallower 

s lope is more appropr ia te ,  then more reducing, poss ibly  so la r ,  fo*'s would be predicted. The upper 
L 

limit is comparable to  es t imates  of fo  based on the i n t e n s i t y  of color  i n  Blue Angel h iboni te  ( 4 )  and 
2 

on geochemical modelling (3) of CAI bulk ccaapositions. It i s  more oxidiz ing than fO, l eve l s  estimated 
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f r a  f a s s a i t e  i n  CAI8 from Allende (2).  
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